Onchocerca eberhardi n. sp. from the sika deer, Cervus nippon, in Japan is described. Adult worms lived in the carpal ligament; infection reached high levels (up to 25 female and 16 male worms in a single carpal limb). Skin dwelling microfilariae were mainly found in the ears. Prevalence of infection was 81 % at the type locality, Mt. Sobo, in Kyushu. The new material was compared to the 31 species of Onchocerca presently known. Onchocerca eberhardi n. sp. females were characterized by a long slender anterior end and a thin esophagus ≤ 1 mm long with no or only a slight glandular region. The vulva was located near the level of the mid-esophagus and the cuticle had transverse external ridges and internal striae (two striae between adjoining ridges). The most similar species were O. stilesi (re-examined), O. lienalis, and to a lesser extent O. gutturosa, all from bovids (cattle). Two main lineages of Onchocerca are recognized in cervids with either primitive or with derived characteristics (as exemplified by the new species). The species in both lineages are not restricted to cervids but are also found in bovids in the Holarctic region, suggesting that the species diversified in the two host groups simultaneously, when these host groups lived in the same geographic area. 
INTRODUCTION
U ntil recently, Onchocerca species known in Japan were only those species from cosmopolitan domesticated animals: in horses O. cervi-nica Uni, Bain is a parasite of the wild boar in Kyushu, the large southern island of Japan. Unexpectedly, this species appeared to be locally an agent of zoonotic onchocerciasis (Takaoka et al., , and 2005 , whereas in other parts of the world species of Onchocerca from cattle or horses are generally identified or suspected in zoonotic onchocerciasis (Engelkirk et al., 1982; Orihel & Eberhard, 1998) . The new Onchocerca species described here is a parasite of the sika deer in Kyushu and resembles some parasites of cattle, particularly O. stilesi Eberhard, 1979 , a rare species from the United States, which we have examined here to specify precise morphologic characteristics for diagnosis.
MATERIALS AND METHODS
T he host animals examined for species of Onchocerca were sika deer (Cervus nippon Temminck) from Kyushu. Fifty-four sika deer living on Mt. Sobo, Oita Prefecture, and nine sika in Kumamoto Prefecture were killed between September 1998 and February 2006 in accordance with the conservation and control policies of the Ministry of the Environment, Japan. The head, the entire skin of the body, and the limbs were shipped refrigerated to a laboratory for filarial examination one or two days after the animals were killed. For the detection of adult worms, subcutaneous connective tissues and the ligaments of joints of the limbs were inspected under a stereomicroscope. In addition, we used the collagenase technique (Schulz-Key, 1988) to obtain complete adult parasites in the joints of six sika deer, because the Onchocerca adults lived deep inside the ligaments: the carpal or tarsal joints were incubated in saline solution containing 0.3-0.5 % collagenase type I (Worthington Biochemical Corporation, New Jersey) for 8 to 24 h at 38°C. For the detection of microfilariae, skin snips were taken from the face, ears, neck, back, limbs, and tail of each animal by the methods described by Uni et al. (2002) . Microfilariae that came out were examined for identification and compared to microfilariae extracted from the ovejector of female worms. The latter microfilariae were stained with Giemsa's solution. In addition, blood films were made from each deer and stained with Giemsa's solution. The eyeballs of the sika deer (ID nos. S28, were dissected under a stereomicroscope to examine the cornea and retina for lesions. To investigate the co-existence of filarial parasites in sika deer, other species of filarioids [Cercopithifilaria & Takaoka, 2004, and O. skrjabini] were sought in skin snips for microfilariae and in skin and limbs by dissection under a stereomicroscope for adult worms (Uni et al., 2002 . Adult worms detected were placed in 2 % formalin in saline solution and the specimens were cleared in lactophenol for study. For histologic examination, the carpal lesions infected with the parasites were embedded with paraffin by routine methods and the sections were stained with hematoxylin and eosin. Scanning electron microscopic (SEM) micrographs of the females and males were prepared as described elsewhere . Measurements are given in Tables I and II: the body length of adult worms in millimeters and the other dimensions in micrometers. In females, characteristics of the external cuticular ridges and number of internal striae are described; in this study, following Railliet & Henry (1910) , "striae" means the furrows or lines, as in Bain & Schulz-Key (1974) , not the thick part of the cuticle demarcated between two consecutive furrows, as in Beaver et al. (1974 Beaver et al. ( , 1983 . This precision is important as the number of striae between two adjoining ridges (striae/inter-ridge) is a distinctive characteristic. In the male, the caudal pairs of papillae are tentatively numbered on the basis of a set of 10 pairs, as in Chabaud & Petter (1961) ( Tables I-III; Figs 1 , 2, 4-16) Filarioidea, Onchocercidae (Leiper, 1911 ) Chabaud & Anderson, 1959 , Onchocercinae Leiper, 1911 , Onchocerca (Diesing, 1841 ) Railliet & Henry, 1910 . Adult worms loosely coiled in the carpal ligament. The specimens recovered were abundant: one complete female and 139 female fragments (74 anterior, 31 midbody, and 34 posterior parts); 47 complete males and 24 male fragments (nine anterior, seven midbody, and eight posterior parts).
• Female (one complete, 10 anterior, and 10 posterior parts): very thin and straight anterior end 3 mm long. Slight cervical swelling posterior to nerve ring (Fig. 1A) . Head: external labial papillae arranged in a rectangle elongated dorsoventrally; cephalic papillae arranged in a rectangle elongated laterally arrows) . Buccal capsule absent but very thin cuticular plate present; lumen at base of buccal cavity Y-shaped in transverse section. Esophagus thin, with no distinct or with slightly granulous glandular part. Body width narrow at posterior end of esophagus (Table I) . Vulva near midlength of esophagus; its distance to head two to three times the distance from head to nerve ring (Table I ; Fig. 1A and E). Main part of body curled (Fig. 4) . Cuticle: thin in anterior part with external delicate striations, not visible at low magnification (Fig. 1A) . Cuticle progressively thickened and complex in structure. Cuticle 28-32 µm thick in coiled main part of body, composed of four or five layers ( Figs 1F, I , and 7).
External layer with transverse salient ridges, 25-45 µm apart, straight, interrupted, not branched on lateral fields (Figs 1G, H, and 14, *); incomplete ridges very rare (Fig. 1G, *) . Median layer of cuticle thick, divided with internal transverse striae; a constant two striae between adjoining ridges (Figs 1H, I, 8, and 9, arrows) . Layers appeared dotted or not in transverse section, depending on whether the cuticlar fibers were transverse (Fig. 1F) or longitudinal (Fig. 1I) . Tranverse section of body round; cuticle not thickened laterally ( Figs 1F and 7) . Body musculature welldeveloped, lateral chords narrow (Fig. 1H, dotted area) . Ridges less distant in posterior end, internal striae not visible (Fig. 1J) striations and no ridges; sometimes, a few tiny bosses on cuticle (Fig. 1K , L). Posterior end twisted (Fig. 1J ). Tail straight; posterior end smooth but with internal terminal point and two subterminal elongated phasmids (Fig. 1K , L).
• Microfilaria (n = 20): microfilariae from ovejector and skin of sika deer unsheathed; body dorsoventally flattened (median view, 4-5 µm wide; lateral view, 3.75 µm wide; non-fixed microfilariae as indicated in Table I ), body widening slightly at anterior extremity; tiny cephalic hook present; tail extremity attenuated to smooth point (Figs 1M and 11) . Uterine microfilariae stained with Giemsa's solution (n = 10): body length 210-238 (mean, 223) µm and width 4-5 (4) µm; nerve ring 55-63 (58) µm from anterior end: 26 % of body length; anal pore 192-213 (199) µm from anterior end: 89 % of body length (Fig. 12 ).
• Male (n = 10): slight cervical swelling at anterior end ( Fig. 2A) . Striations on cuticle of main part of body interrupted in lateral fields (Figs 2D and 15, *) . Exceptionally, three body swellings present (two specimens: 4, 8, and 14 mm from the anterior end in a male worm, S47-5, 19 mm long; 5, 12, and 19 mm from the anterior end in another male worm, S47-6, 22 mm long). Area rugosa in posterior end absent. Right spicule with knobbed posterior end; sub-terminal dorsal heel (Fig. 2F ). Left spicule with handle and lamina; attenuated long distal extremity (Fig. 2G ). Nine pairs of caudal papillae arranged in two groups: i) one unpaired precloacal papilla near the cloacal aperture; four paracloacal sublateral pairs (probably pairs 2, 3, 4, and 6) and one subventral postcloacal pair (pair 5); ii) four pairs aligned in posterior third of tail: small pair 7, large pair 8, pointed pair 9 with phasmids at base, and terminal pair 10. In several specimens, the cloacal group contained only three pairs, whereas the posterior group remained constant (Table II microfilariae were in the ears (41/50 or 82 %), neck, and face; a few were found in the skin of thoracic limbs (10/52 or 19 %), back (6/52 or 12 %), or abdomen (3/51 or 6 %); no skin microfilariae were in pelvic limbs (51 deer examined) or tail (46 deer examined). Distribution of microfilariae from 16 sika deer is listed in Table III . In addition, skin microfilariae of O. eberhardi n. sp. were found in four of the nine sika deer from Kumamoto Prefecture, Kyushu. No microfilariae were found in the blood films and no lesions were found in the eyeballs of the six sika deer examined. Adult worms and microfilariae of O. eberhardi n. sp. were found co-occurring with one, two, or three species of C. crassa, C. longa, M. (C.) perforata, and O. skrjabini in sika deer (Table III) in the dermis of the anterior back, C. longa in the subcutaneous connective tissues of the limbs, and M. (C.) perforata in the dermis of the posterior back. Microfilariae of O. skrjabini were found in the skin of sika deer (8/22 or 36 %), mainly of the ears and neck. The adult worms of the species were found in the subcutaneous connective tissues around the carpal and tarsal regions of sika deer. One complete female worm (S20-1; 60.5 cm long and 300 µm wide) was found in a sika deer (S20) ONCHOCERCA STILESI EBERHARD, 1979 (Tables I, II; Fig. 3) • Female (holotype): Very thin anterior end 5 mm long (Table I ; Fig. 3A) . Esophagus slender without distinct glandular part. Vulva in anterior half of esophagus; its distance to head equal to twice distance from nerve ring to head. Cuticle thin in anterior part of body, with conspicuous transverse external striae. Body musculature well developed, lateral chords narrow (Fig. 3B) . Body round in transverse section, cuticle not thickened laterally. In main part of body (Fig. 3C, D) , two cuticle layers, 25-30 µm thick: external layer with transverse ridges, undulated, jointed or overlapped on lateral fields, surface cuticle wrinkled; internal layer divided with transverse striae; a constant three striae between adjoining ridges. Posterior end coiled (Fig. 3E ). Ridges present in preanal region but closer, 5-7 µm apart; tail with external striations, but no ridges (Fig. 3F) . Tail straight; extremity round with lateral point near each phasmid.
• Microfilariae (from ovejector of female holotype): Body 177-190 µm long, 4-5 µm wide; slight constriction behind head; tiny cephalic hook; tail extremity attenuated (Fig. 3G, G-a) .
• Male (paratype): Esophagus with glandular part. Caudal papillae in two groups: i) paracloacal group with one unpaired papilla and four to five aligned sublateral pairs (two anterior and three posterior to cloacal aperture); ii) four pairs in posterior third of tail with pair 7 small, pair 8 large, pair 9 pointed with phasmid at base, and pair 10 terminal. Tail tip with two small ventral transparent papilla-like formations (Fig. 3I ). Right spicule with knobbed extremity and subterminal dorsal heel; left spicule with attenuated long distal extremity, as previously described (Eberhard, 1979) .
TAXONOMIC DISCUSSION
F or the diagnosis of the material from the sika deer we used the morphologic characteristics selected in the dichotomous key proposed by Bain (1981) for 24 species of Onchocerca, after revision and description of many species were made by several authors (Bain, 1975 (Bain, , 1981 Bain & Schulz-Key, 1974 Bain et al., 1978a Bain et al., , b, 1980 Bain & Beveridge, 1979a, b; Eberhard, 1979; Denké & Bain, 1981) . At that time, 26 species of Onchocerca were known, but two of these species were not included in the key because they were considered insufficiently defined: O. stilesi from cattle, for which an important distinctive characteristic, the microfilaria, was not described (Eberhard, 1979) and O. lupi Rodonaja, 1967 from a wolf (Rodonaja, 1967) which at the time was thought to be either a transfuge parasite from an ungulate, or an error of collection labelling. In the present study, the short microfilaria of O. stilesi confirmed the validity of this species (Table I ). The identity of O. lupi has been established by morphologic analysis of new materials collected from dogs in Eastern Europe (Demiaszkiewicz & Matsaberidze, 1991; Demiaszkiewicz et al., 1991; Egyed et al., 2001; Sréter et al., 2002) and by molecular analysis of the filarial worms and their Wolbachia symbionts (Egyed et al., 2002a, b) . In addition to these two species, the present taxonomic discussion includes the five species described after 1981: O. alcis Bain & Rehbinder, 1986 from cervids (Bain & Rehbinder, 1986) , two species O. denkei Bain, Vassiliades & Delbove, 1982 and O. suzukii from bovids (Bain et al., 1982; Yagi et al., 1994) , and two species O. ramachandrini Bain, Wahl & Renz, 1993 and O. dewittei japonica from suids (Bain et al., 1993; Uni et al., 2001) , totaling 31 Onchocerca species (with one subspecies). Onchocerca eberhardi n sp. stands in contrast to those six species with an esophagus longer than 2,000 µm and with thicker posterior glandular part, in female and male, and vulva not far from head (twice the distance from the head to nerve ring). These species are O. raillieti Bain, Muller, Khamis, Guilhon & Schillhorn Van Veen, 1976 , O. reticulata Diesing, 1841 , and O. cervicalis Railliet & Henry, 1910 O. flexuosa (Wedl, 1856) (Bain, 1981) is shown as apart from these species because the vulva is slightly less anterior], has similar esophageal morphology. In addition, females of these species have a thick anterior end (about 200 µm wide at the posterior end of the esophagus). Among the remaining 25 species with an esophagus shorter than 2,000 µm in both sexes, O. eberhardi n. sp. stands in contrast to those of the nodular lineage with muscles atrophied and hypodermis hypertrophied in the female (Bain & Beveridge, 1979a; Bain, 2002) . The seven species are O. volvulus (Leuckart, 1893) from humans; O. gibsoni, O. cebei Galliard, 1937 , O. ochengi Bwangamoi, 1969 , O. dukei Bain, Bussieras & Amégée, 1974 , O. schulzkeyi Denké & Bain, 1981 , and O. hamoni Denké & Bain, 1981 , all from bovids. Among the following six species, some do not have a complex female cuticle with ridges and striae, contrary to O. eberhardi n. sp. i) Transverse ridges are absent in O. suzukii from bovids and O. bohmi (Supperer, 1953 ) from equids; in addition, the former has a distinctly divided esophagus, 1,660-1,910 µm long in females, and large spicules (Yagi et al., 1994) ; the latter has a microfilaria with a long caudal filament (Supperer, 1953) . In O. cervipedis Wehr & Dickmans, 1935 from cervids, the ridges are flat and not distant, so that they resemble the primitive common external striation of nematodes; the anterior end of the female is thick (220-270 µm wide at the posterior end of the esophagus). ii) The internal striae are absent in O. dewittei dewittei Bain, Ramachandran, Petter & Mak, 1977, O. ramachandrini, and O. dewittei japonica from suids ; in addition, body swellings are present in females of these three species . The anterior region of the female of O. ramachandrini is not very attenuated (≥ 90 µm wide at posterior end of esophagus). Five species have transverse ridges and striae like O. eberhardi n. sp. In four of these species the vulva is more posterior, near the posterior end of the esophagus (three to six times the distance from nerve ring to head) and the internal cuticle presents three to four striae between adjacent ridges. These species are parasitic in cervids: O. skrjabini, O. garmsi Bain & Schulz-Key, 1976 , O. jakutensis (Gubanov, 1964 (= O. tubingensis Bain & Schulzkey, 1974; Sonin, 1975) (Bain & Schulz-Key, 1976; Bain & Rehbinder, 1986) . Onchocerca lupi in carnivores has two striae between adjoining ridges; at a length of 80-105 µm, its microfilaria is short and 5-7 µm relatively thick (Demiaszkiewicz & Matsaberidze, 1991; Egyed et al., 2001; Sréter et al., 2002) . Four species (O. beaveri Bain, Chabaud & Landau, 1978a , O. lerouxi Bain, Chabaud & Landau, 1978a , and O. sonini Bain, Chabaud & Landau, 1978a from bovids in a Central African forest and O. denkei from a West African bovid) are similar to O. eberhardi n. sp. in the position of the vulva (two to three times the distance from the head to nerve ring). However, the esophagus in females has a distinct glandular part in O. beaveri, O. lerouxi, and O. sonini; in addition, the esophagus in all three of these species is longer (1,310-1,960 µm in females and 980-1,460 µm in males; Bain et al., 1978a) than in O. eberhardi n. sp. Onchocerca denkei has a short esophagus, 1,020 µm long, in the female (Bain et al., 1982) , close to the maximum in O. eberhardi n. sp. However, O. denkei has reduced muscles, a thick hypodermis, four striae between ridges, and a large body diameter at the posterior end of the esophagus, which is twice as thick as in our specimens.
The last three species (O. gutturosa, O. lienalis, and O. stilesi) resemble O. eberhardi n. sp., because the females have a long thin anterior body (≤ 80 µm wide at the posterior end of esophagus), and an esophagus about 1,000 µm long, with a slightly differentiated glandular part or none at all (Table I) . The species are all parasitic in bovids (cattle). Onchocerca gutturosa has four to seven striae per inter-ridge, sinuous ridges branched in lateral fields, asymmetric female body, pronounced reduction of caudal papillae, and longer left spicule in the male (Bain, 1975; Bain et al., 1978b) . Onchocerca lienalis and O. stilesi are 50-55 µm wide in body width at the posterior end of esophagus like the majority of our specimens (Table I) . Onchocerca lienalis has two striae per inter-ridge, like our specimens, but ridges are present only in the posterior end, and the female has longitudinal wrinkles on the body (Bain et al., 1978b) . Onchocerca stilesi has three striae per inter-ridge; the ridges are sinuous and joined on the lateral field or overlapped (Fig. 3C) ; the microfilaria is shorter than that of O. eberhardi n. sp. (177-190 µm versus 200-258 µm) . The measurements of O. eberhardi n. sp. seem to be different from those of O. stilesi: the more posterior position of the nerve ring, longer esophagus, and longer tail in both sexes and longer left spicule in male worms. Also, Onchocerca eberhardi n. sp. is distinct from these three bovid-host species in its location, the carpal ligament (Tables I, II) . CONCLUSION P reviously it was emphasized that the species of Onchocerca from cervids were polyphyletic with two main lineages identified: one of primitive species, O. flexuosa and O. cervipedis; the other of derived species, O. skrjabini, O. jakutensis, O. garmsi, and O. alcis (Bain, 1981; Yagi et al. 1994) . A bovid parasite, O. suzukii from the Japanese serow, was found to resemble the primitive cervid parasite, O. flexuosa, suggesting a common ancestor (Yagi et al., 1994) . The new species, O. eberhardi, appears to be an evolved species with the complex cuticle, reduction of glandular esophagus, and transformation of papillae pair 9 into a cuticular point. But this species differs from the other evolved parasites of cervids in a rather important characteristic, the more anterior position of the vulva. This difference brings O. eberhardi n. sp. closer to a group of species parasitic in bovids: O. stilesi, O. lienalis, and O. gutturosa. The lineages of Onchocerca in cervids are probably the results of successive waves of diversification, which may have occurred simultaneously in bovids. However, these relationships were restricted to the areas where the cervids lived, almost all of which lie in the Holarctic region. In tropical areas, other distinct lineages of Onchocerca may have expanded in bovids.
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